In this study, we investigated preventive effects of black tea on obesity and hyperglycemia in C57BL/6 mice fed a high-fat diet for 14 weeks. During the feeding period, mice were given the following black teas: BT1 containing 3,000 mg/L total catechins and 864 mg/L caffeine; and BT2 containing 1,437 mg/L total catechins and 594 mg/L caffeine. Both BT1 and BT2 suppressed high-fat diet-caused body weight gain, deposition of white adipose tissue, and increases in plasma lipids and glucose. Moreover, both BT1 and BT2 counteracted the high-fat diet-caused decrease in the expression of insulin receptor (IR)-β and glucose transporter 4 (GLUT4), markers for insulin resistance. Of these effects, BT2 were stronger than that of BT1. In conclusion, black tea prevents hyperglycemia and insulin resistance through maintenance of IR-β and GLUT4 expression in high-fat diet-fed mice, with an appropriate concentration of tea producing maximal effectiveness.
Introduction
Obesity is a serious health problem in many developed countries because it is implicated in various diseases, including type 2 diabetes mellitus, hypertension, and coronary heart diseases (Kopelman, 2000) . Obesity and type 2 diabetes are characterized by hyperglycemia, caused by genetic, environmental and dietary factors. Glucose is the main carbohydrate for mammalians and the most common energy source. Adipocytes can take up glucose into the cell and convert it to fatty acids, resulting in hypertrophy of adipocytes. Skeletal muscle is the most important tissue for maintenance of glucose homeostasis. Therefore, modulation of glucose uptake into peripheral tissues including skeletal muscle and adipose tissue leads to a reduced risk of obesity, hyperlipidemia, hyperglycemia, and diabetes-related diseases.
In the uptake of glucose, a family of transporters called glucose transporters is expressed in mammalian cells (Gould and Holman, 1993) . Glucose transporter (GLUT) 4 is specifically expressed in skeletal muscle, heart muscle, and adipose tissue, and plays an important role in maintaining postprandial blood glucose levels. GLUT4 has a unique property, in that it translocates from intracellular storage to the plasma membrane by insulin stimulus (Gould and Holman, 1993 ). When the blood glucose level is elevated, insulin secretion is facilitated from the pancreatic β-cells into blood (Young, 1972) . After binding of insulin to the insulin receptor β-subunit (IR-β) on the plasma membrane surface, phosphorylation signals transmit to downstream proteins such as insulin receptor substrate 1, phosphatidylinositol 3-kinase, protein kinase B (Akt), and protein kinase C (PKC) λ/ξ (Kohn et al., 1995; Huang and Czech, 2007) . Finally, the signal transmits to GLUT4, and GLUT4 is translocated to the plasma membrane from intracellular storage (Huang and Czech, 2007) . This is an important system for maintaining glucose homeostasis, and insulin is the only hormone that can decrease the blood glucose level. Thus, the search for food factors that are able to promote GLUT4 translocation is important for health maintenance.
Tea (Camellia sinensis) is a beverage consumed worldwide, and contains caffeine and catechins, including epigallocatechin gallate (EGCg). Many studies have shown that Pure Chemical Industries Ltd., Osaka, Japan).
Animal experiment All animal treatments in this study conformed to the "Guidelines for the care and use of experimental animals, of Rokkodai Campus, Kobe University" (Permission number 21-07-02). Male C57BL/6J mice (4 weeks old) were purchased from Japan SLC (Shizuoka, Japan), and were housed in a temperature-controlled (25℃) room at 60 ± 5% humidity under a 12-h light-dark cycle. All mice were acclimated for 1 week prior to the experiment. Next, the mice were randomly divided into two groups, and fed either an AIN-93M based control diet or a high-fat diet containing 30% lard as shown in Table 2 . Each group was further divided at random into three groups of 4 mice, and they received tap water (W), BT1, or BT2 for 14 weeks ad libitum. After fasting for 12 h, blood was collected via cardiac puncture under anesthesia by pentobarbital. Mesenteric, epididymal, retroperitoneal, and subcutaneous white adipose tissues and soleus muscle were removed from the body. These tissues were frozen in liquid nitrogen and kept at −80℃ until use. The plasma was separated from blood by centrifugation at 1,600 × g for 15 min at 4℃. The levels of plasma triacylglycerol, total cholesterol, free fatty acids, and glucose were measured using the corresponding commercial kits as described above.
Western blot analysis Preparation of tissue lysate and a plasma membrane fraction from mouse muscle was performed according to our previous report (Nishiumi and Ashida, 2007) . Proteins of the tissue lysate and plasma membrane fraction were separated by 10% sodium dodecyl green tea or its components have health promoting effects. For instance, green tea prevents fat deposition in rats and EGCg promotes glucose uptake activity and translocation of GLUT4 in rat muscle and L6 myotubes (Ueda et al., 2008) . In 3T3-L1 adipocytes, it was reported that EGCg inhibits differentiation of preadipocytes and induces apoptosis (Lin et al., 2005) , and inhibits lipid accumulation (Moon et al., 2007) . It was also reported that green tea extract and EGCg decreased body weight gain and fat deposition in rodent models (Brono et al., 2008; Bose et al., 2008) , and increased energy expenditure and fat oxidation in human subjects (Dulloo et al., 1999) . Black tea is the most consumed beverage worldwide. In addition to green tea, black tea also suppresses lipid accumulation in human HepG2 cells in vitro and fat deposition in white adipose tissue of high-fat diet-fed rats in vivo (Lin et al., 2007) . However, the underlying mechanism of black tea on these health promoting effects is not fully understood. It also remains unclear whether different concentrations of catechins and caffeine in tea reveal a different extent of the effect. Therefore, in this study, we investigated glucose metabolism and GLUT4 expression in skeletal muscle by ad libitum intake of following black teas: BT1 containing 3,000 mg/L total catechins and 864 mg/L caffeine; and BT2 containing 1,437 mg/L total catechins and 594 mg/L caffeine.
Materials and Methods
Materials BT1 and BT2 were prepared from powdered tea extracts produced from Uva and Darjeeling tea leaves (Indonesia), respectively. To obtain these extracts, 10 kg of tea leaves were soaked in 100 L of hot water for 5 min and then removed by stainless steel mesh (150-mesh), followed by filtration with flannel. The liquid was powdered by evaporation and subsequent spray-drying. Recovery of BT1 and BT2 were 2.23 kg/10 kg and 1.85 kg/10 kg, respectively. The obtained powdered tea (81.2 g) was dissolved in 20 L of water. These extracts were supplied from Ito-En, Ltd. (Makinohara, Japan), and contents of catechins, theaflavins, and caffeine in BT1 or BT2 are shown in Table 1 firmed that feeding of the high-fat diet caused a significant increase in body weight after 2 weeks. BT1 and BT2, however, suppressed the body weight gain in the high-fat fed-mice from 10 and 4 weeks, respectively (Figure 1 ). BT2 was more effective than BT1, though the content of total catechins and theaflavins in BT2 was lower than that of BT1. At 14-weeks of age, the mice were sacrificed and mesenteric, epididymal, retroperitoneal, and subcutaneous white adipose tissues were weighted and percent tissue weight over body weight was calculated (Table 3 ). In the group of mice given water and high-fat diet, the relative weight of white adipose tissue was significantly higher than that of water and control-diet fed mice group. Both BT1 and BT2 significantly suppressed the sulfate-polyacrylamide gel electrophoresis and transferred to a PVDF membrane. The membrane was blocked with 5% (w/ v) non-fat dried milk in Tris-buffered saline Tween-20 (TBST: 10 mmol/L Tris-HCl, pH 8.0, 150 mmol/L NaCl, and 0.05% Tween 20) for 1 h. The membrane was washed with TBST six times for 5 min each, and incubated with the corresponding primary antibody (as described in the legend of Figure. 3) for 1 h at room temperature. After washing with TBST under the same conditions, the membrane was incubated with the appropriate secondary antibody conjugated with horseradish peroxidase for 1 h at room temperature. Specific immune complex was detected with an ECL plus TM western blot detection system according to the manufacturer's instructions. Statistical analysis Data are expressed as the mean ± SE. Differences in means from each experiment were analyzed by an ANOVA with the Tukey method as a post hoc test, and a 0.05 level of a probability was used as the criterion of significance. Mice were fed a control diet or high-fat diet with water (W), BT1, or BT2 for 14 weeks. Open symbols are control diet groups, while closed ones are high-fat diet groups. Circles, squares, and triangles are W, BT1, and BT2, respectively. Data are expressed as the mean ± SE (n = 4). free fatty acids, and triacylglycerol were measured (Table 4 ). In the group given water and high-fat diet, the plasma levels of total cholesterol and triacylglycerol were significantly increased compared to the group given water and control diet. In the high-fat diet groups, both BT1 and BT2 significantly lowered total cholesterol and triacylglycerol levels, and BT2 tended to show a stronger effect than BT1. The level of free fatty acids tended to increase (without significance) after the intake of high-fat diet, but both BT1 and BT2 significantly lowered free fatty acids in the high-fat diet-fed groups. In the control-diet groups, any significant change was not observed.
Results

Effect of black tea on body weight gain It was conPrevention of Hyperglycemia by Black Tea
Effect of black tea on the glucose transport system in muscle Because muscle is the most important tissue for maintaining blood glucose levels (Baron et al., 1988; DeFronzo, 1997) , we investigated whether BT1 and BT2 affect the glucose transport system in muscle (Figure 3) . In this study, we focused on GLUT4 and IR-β because GLUT4 plays an important role in glucose homeostasis and is required for the incorporation of glucose into muscle cells and adipocytes (Zorzano et al., 2005) , while IR-β is an essential receptor for the insulin-mediated translocation of GLUT4 to the plasma membrane (Dominici et al., 2005) . It was found that the high-fat diet decreased the expression levels of both GLUT4 and IR-β, accompanied by a reduction in GLUT4 translocation to the plasma membrane, compared to the control diet. In the high-fat diet groups, it is noteworthy that BT1 and BT2 suppressed the high-fat diet-caused decrease in GLUT4 and IR-β expression levels, and BT2 suppressed the reduction in GLUT4 translocation to the plasma membrane. Again, BT2 showed stronger effects than BT1. In the control diet groups, GLUT4 and IR-β expression and GLUT4 translocation remained unchanged. These results indicate that the intake of BT1 and BT2 suppressed the high-fat diet-caused hyperglycemia through retaining GLUT4 and IR-β expression in muscle.
Discussion
Tea has various health promoting effects including antiobesity and anti-diabetes mellitus effects (Formiguera and high-fat diet-induced increase in total white adipose tissue weight. BT2 significantly decreased all white adipose tissue weights; in contrast, BT1 significantly decreased epididymal and subcutaneous white adipose tissues. Thus, BT2 has stronger effect on fat accumulation than BT1. In the control diet groups, both BT1 and BT2 also suppressed the accumulation of white adipose tissue compared to the water given group without significant difference.
Effect of black tea on plasma glucose and lipid levels At the end of the feeding period, the high-fat diet significantly increased the plasma glucose level compared to the controldiet groups (Figure 2 ). In the high-fat diet-fed groups, both BT1 and BT2 suppressed the high-fat diet resultant increase in plasma glucose, and BT2 exerted a significantly stronger effect than BT1. The same tendency was observed in the control diet-fed groups, i.e., both BT1 and BT2 significantly lowered the plasma glucose level. To investigate the effects of BT1 and BT2 on plasma lipid levels, total cholesterol, ments, tea catechins and theaflavins inhibit the activity of fatty acid synthase in white adipose tissue (Lin et al., 2006) . It is, therefore, suggested that catechins in BT1 and BT2 suppressed the accumulation of white adipose tissue and reduced plasma lipid levels through inhibition of fatty acid synthesis and adipogenesis. However, the effects of BT2 were stronger than those of BT1. High concentrations of catechins and caffeine will exhibit negative effects under certain conditions. For example, catechins including EGCg generate hydrogen peroxide in cell culture medium (Long et al., 2000) , and catechins decrease the proliferation activity of β-cells in vitro with glucose oxidase treatment (Lapidot et al., 2002) . In the case of caffeine, the high caffeine content of BT1 may inhibit adenosine receptor activity, and lead to a disruption of glucose metabolism in insulin sensitive tissues. Adenosine receptors regulate glucose metabolism in insulin sensitive tissues such as muscle (Vergauwen et al., 1994) , and caffeine is well known as a non-specific adenosine receptor antagonist. It is reported that caffeine affects A1 receptors, a member of the adenosine receptor group, and reduces insulin sensitivity in vivo (Vergauwen et al., 1994; León et al., 2005; Johansson et al., 2007) and in vitro (Akiba et al., 2004) , and that caffeine ingestion negatively affects insulin sensitivity during oral glucose tolerance test in type 2 diabetes subjects (Robinson et al., 2004) . BT1 contains abundant gallate-type catechins including EGCg, and their content in BT1 is 2.35-fold of BT2. The concentration of EGCg and caffeine in BT1 is 2.93-and 1.46-fold of BT2, respectively. It was, therefore, suggested that the high concentration of EGCg and caffeine contributed to the differences in effects of BT1 and BT2 on fat accumulation and hyperglycemia. Furthermore, the ratio of catechins to caffeine content (catechins/caffeine) in beverages affects the bioavailability of catechins; caffeine increased the absorption and metabolism of EGCg when EGCg and caffeine were co-administrated to humans (Nakagawa et al., 2009) . The ratio of catechins/caffeine in BT1 is 3.47 while that in BT2 is 2.42, suggesting that the excess amount of catechins in BT1 might reveal negative effects or lower bioavailability. It is, therefore, suggested that there is a difference in the absorption of catechins between BT1 and BT2 intake. Further study is needed to elucidate the most effective content of catechins and caffeine in tea for the prevention of hyperglycemia and obesity. The oversupply of lipid to adipose cells is responsible for the development of insulin resistance (Guo and Tabrizchi, 2006) . The molecular mechanism underlying insulin resistance is very complex. Hypertrophic adipose cells accumulating lipids secrete various adipocytokines such as tumor necrosis factor α (TNF-α) and free fatty acids, and these adipocytokines in turn cause downregulation of IR-β and Canton, 2004). Our previous report demonstrated that not only green tea but also black tea could suppress high-fat dietinduced obesity and hyperglycemia (Nishiumi et al., 2010) . In this study, we investigated anti-obesity and anti-diabetes mellitus effects using two different black teas: BT1 containing 3,000 mg/L total catechins and 864 mg/L caffeine; and BT2 containing 1,437 mg/L total catechins and 594 mg/L caffeine, and found that suppressive effects of black tea on obesity, hyperglycemia, and hyperlipidemia did not depend on the concentration of catechins and caffeine. Our findings strongly suggest that maximal effectiveness can be attained with an appropriate concentration of black tea.
It was confirmed that an intake of high-fat diet caused significant body weight gain and fat deposition in white adipose tissues (Figure 1 and Table 3 ) as well as hyperglycemia (Figure 2 ). BT2 was more effective than BT1 in suppressing obesity and hyperlipidemia, although the catechin and caffeine contents of BT2 are lower than those of BT1. Differences in these effects between BT1 and BT2 may be due to differences in the concentrations of catechins and caffeine. Effects of tea catechins on anti-obesity are well documented. For example, EGCg, a major tea catechin, suppressed differentiation of 3T3-L1 preadipocytes to mature adipocytes Wolfram et al., 2006) and induced apoptosis (Wu et al., 2005) . In animal experiPrevention of Hyperglycemia by Black Tea Fig. 3 . Effects of BT1 and BT2 on GLUT4 and IR-β expression and GLUT4 translocation in the muscle tissue of mice.
Mice were fed a control diet or high-fat diet with water (W), or two types of black tea (BT1 and BT2) for 14 weeks. Proteins from muscle lysate (A) and plasma membrane fraction (B) were separated by 10% SDS-PAGE and transferred to a PVDF membrane. Immunoblotting was performed with anti-GLUT4 (1:1,500) or anti-IR-β (1:1,000) specific antibodies, followed by anti-goat (1:20,000) or anti-rabbit (1:20,000) as the secondary antibody. A typical result is shown from the independent quadruplicate experiments.
GLUT4 (Dey et al., 2007; Plomgaard et al., 2005) . Free fatty acids secreted from adipose cells induce phosphorylation of PKC isoforms. Activated PKCs promote phosphorylation of high mobility group AT-hook 1 (HMGA1), an integral molecule of IR transcription, resulting in inhibition of the biding of HMGA1 to the promoter region of the gene (Xiao et al., 2000) . TNF-α can promote insulin resistance through the direct inhibition of insulin signaling pathway; TNF-α interferes with tyrosine phosphorylation of IR substrate, which is a crucial event in mediating insulin action (Hotamisligil, 2006) . In this study, the intake of a high-fat diet probably caused the interruption of IR gene transcription by TNF-α and free fatty acids secreted from adipocytes in the same way, and BT1 and BT2 prevented downregulation of GLUT4 and IR-β in muscle and suppressed fat accumulation into white adipose tissue. In this study, BT1 and BT2 ameliorated the accompanying hyperglycemia by maintaining GLUT4 and IR-β expression in the muscle of high-fat diet-fed mice. Maintaining the expression of these proteins would also contribute to the prevention of insulin resistance. In conclusion, black tea suppressed hyperglycemia via maintaining GLUT4 and IR-β expression levels in high-fat diet-fed mice, and it is suggested that maximal effectiveness can be attained with an appropriate concentration of tea.
